Purine interruptions of polypyrimidine (Py) tract splice site signals contribute to human genetic diseases. The essential splicing factor U2AF 65 normally recognizes a Py tract consensus sequence preceding the major class of 3′ splice sites. We found that neurofibromatosisor retinitis pigmentosa-causing mutations in the 5′ regions of Py tracts severely reduce U2AF 65 affinity. Conversely, we identified a preferred binding site of U2AF 65 for purine substitutions in the 3′ regions of Py tracts. Based on a comparison of new U2AF 65 structures bound to either A-or G-containing Py tracts with previously identified pyrimidine-containing structures, we expected to find that a D231V amino acid change in U2AF 65 would specify U over other nucleotides. We found that the crystal structure of the U2AF 65 -D231V variant confirms favorable packing between the engineered valine and a target uracil base. The D231V amino acid change restores U2AF 65 affinity for two mutated splice sites that cause human genetic diseases and successfully promotes splicing of a defective retinitis pigmentosa-causing transcript. We conclude that reduced U2AF 65 binding is a molecular consequence of disease-relevant mutations, and that a structure-guided U2AF 65 variant is capable of manipulating gene expression in eukaryotic cells.
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pre-mRNA splicing | protein-RNA complex | protein engineering | crystal structure | RRM A pproximately 15% of the documented disease-causing point mutations disrupt consensus splice site elements in premRNAs, including a polypyrimidine (Py) tract between a branch point sequence (BPS) and an AG dinucleotide at the junction of the 3′ splice site (1) (Fig. 1A) . For example, disease-causing mutations in Py tracts have been documented in ∼3,000 genes in the Human Gene Mutation Database (2) , and an estimated 20% of these mutations affect regulatory splice site signals (3, 4) . One of the earliest reports of a splice site mutation as a major cause of inherited human disease was for β-thalassemia (reviewed in ref. 5) , for which splice site mutations in the human β-globin gene (HBB) are found in ∼14% of patients, causing symptoms of mild to severe anemia (reviewed in ref. 6) .
With the emergence of high-throughput sequencing technologies, splice site mutations in specific transcripts have been identified as common contributors to neuromuscular disorders, metabolic disorders, cancers, leukemias, deafness, and blindness, among other disorders (reviewed in ref. 4) . Retinitis pigmentosa, the most prevalent form of inherited blindness in adults, represents one such disease that is primarily the consequence of mutations in splice sites of vision-relevant transcripts or splicing factors responsible for their recognition (reviewed in ref. 7) . Neurofibromatosis type I, a disease characterized by tumors of nerve tissue, is an inherited disorder in which nearly 30% of the documented mutations disrupt neurofibromin 1 (NF1) splice sites (reviewed in ref. 8) . Despite etiologic progress, the relationships between disease-causing pre-mRNA splice site mutations and downstream inhibition of pre-mRNA splicing factors remain largely unclear at the molecular level.
The Py tract splice site signals of the major class of introns are recognized by the U2 small nuclear ribonucleoprotein (snRNP) auxiliary factor, 65 kDa (U2AF 65 ) (Fig. 1A) , which acts in a complex with Splicing Factor 1 (SF1) (9) and small (35 kDa) U2AF (U2AF 35 ) subunits (10) that recognize the upstream BPS (11) and consensus AG dinucleotide at the 3′ splice site junction (12) (13) (14) , respectively. The U2AF the recruitment of SF1, SF3b155, U2AF 35 , and UAP56 splicing proteins to the pre-mRNA site. Alternatively, so-called "splice-site switching" oligonucleotides (SSOs) are well-developed substances used to block aberrant splice sites that are currently in clinical trials for the treatment of several major diseases (for examples, see www.isispharm.com; reviewed in ref. 5); however, SSO strategies are limited to a steric-blocking mechanism that is distinct from splice site activation, such as the function of U2AF 65 . "Tailored" U2AF 65 variants have the potential to improve or synergize with SSOs for the manipulation of pre-mRNA splicing.
Here we determined the penalties incurred by representative disease-causing Py tract mutations for recognition by U2AF 65 . We leveraged this analysis along with structural information to engineer a U2AF 65 variant that can relieve the consequences of a representative disease-causing splice site mutation. The results point to inhibition of U2AF 65 as a contributing factor in human genetic disease and set a precedent for structure-guided modification of U2AF 65 as a way to alter the splicing of therapeutically relevant pre-mRNAs.
Results
Disease-Causing Mutations in the 5′ Regions of Py Tracts Penalize U2AF 65 Association. Although numerous examples of diseasecausing mutations in Py tracts have been identified, few studies are available on the consequences of these mutations for the splice site affinities of U2AF 65 . To investigate the involvement of U2AF 65 inhibition, we examined the effects on U2AF 65 association of mutations in two representative Py tracts (Table 1) : (i) a U→A transversion in the Py tract of the neurofibromin 1 gene [NF1(U3 > A)], which creates a new 3′ splice site junction (consensus AG) and leads to familial neurofibromatosis type I (29), and (ii) a U→A transversion in the Py tract of the retinitis pigmentosa 2 (RP2) gene [RP2(U4 > A)] that also introduces an AG dinucleotide and induces exon skipping and, consequently, X-linked retinitis pigmentosa (30) . We titrated the Py tract recognition domain of U2AF 65 comprising RRM1 and RRM2 and bordering residues into either the WT or mutated fluoresceinlabeled Py tract RNAs, and then fit the apparent equilibrium dissociation constant (K D ) values to anisotropy changes as described previously (31) (Fig. S1 ).
To enhance affinity and hence reduce protein consumption, we initially used 13-mer sequences directly preceding the 3′ splice site junctions in a series of NF1 oligonucleotides. Subsequently, we focused on the core 9-mer Py tracts for RP2 and for comparison tested that of NF1, which although reducing the avidity due to the high local concentration of sites (32, 33) , represented the key Py tract interactions with U2AF 65 and omitted flanking RNA sequences that bind other subunits of the assembling spliceosome. For both NF1 and RP2, the disease-causing splice site mutations substantially reduced U2AF 65 affinity [by a factor of three for NF1 (U3 > A) and a factor of four for RP2(U4 > A) relative to WT Py tracts; Table 1 and Fig. S1 ]. We conclude that these Py tract mutations disrupt splicing not only by introducing an aberrant AG consensus that normally dictates the junction of the 3′ splice site, but also by penalizing U2AF 65 association.
Purine Substitutions in the 3′ Regions of Py Tracts Have Little Impact on U2AF 65 Binding. Serendipitously, both of the disease-causing U→A mutations in NF1 [NF1(U3 > A)] and RP2 [RP2(U4 > A)] were located in the 5′ regions of the affected Py tracts. Although the region-dependence of disease-causing Py tract mutations has yet to be surveyed comprehensively, we noted qualitatively that many disease-causing Py tract mutations, such as the NF1(U3 > A) and RP2(U4 > A) investigated here, are located in the 5′ region of this splice site signal. Accordingly, we previously found that the C-terminal U2AF 65 RRM2 has a strict preference for U nucleotides in the 5′ regions of Py tracts, whereas the N-terminal RRM1 is promiscuous for U or C nucleotides in the 3′ regions (23) .
To compare the impact of purine substitutions in the 3′ regions and 5′ regions of the Py tract, we introduced artificial purine substitutions at the penultimate nucleotide of the NF1 and RP2 Py tracts [NF1(U8 > A), NF1(U8 > G), and RP2(U8 > A)] and determined the affinities of U2AF 65 for these RNA oligonucleotides (Table 1 and Fig. S1 ). We also compared an analogous A substitution in a well-characterized hemoglobin β splice site [HBB(U8 > A)] that is disrupted in cases of β-thalassemia (34, 35) . In all cases, these purine mutations in the 3′ region of the Py tract had little detectable effect on U2AF 65 binding. Observation of crystal and NMR structures confirmed that U2AF 65 directly binds both the 5′ and 3′ regions of the Py tracts with equivalent UV cross-linking efficiencies with photoactivated 4-thio-U nucleotides in the 5′ and 3′ regions of the RP2 Py tract (RP2 U3 and A9, respectively, as enumerated in Table 1 ) (Fig. S2) . Overall, these results are in agreement with a sequence-stringent U2AF RRM2 and promiscuous RRM1 bound to the 5′ and 3′ regions, respectively, of the Py tract (23) .
A Binding Pocket of U2AF 65 RRM1 Tolerates Purines. We previously determined that sites on U2AF 65 RRM1 locally adjust to U→C transitions through hydrogen bond rearrangements (23) . Although valuable, the resulting structures left unanswered the question of how U2AF 65 can adapt to purine substitutions in the 3′ regions of degenerate Py tracts. To address this question, we examined structures of U2AF 65 bound to U tracts containing A or G substitutions at the penultimate nucleotide of an otherwise all-U Py tract (Table S1 ). We used a comparable crystallization approach as described previously (23, 36) , composed of a U2AF 65 variant (dU2AF 65 , lacking residues 238-257 of the inter-RRM linker; Fig.  1B ) in complex with a deoxy-ribose (d) oligonucleotide backbone. We focused our structure determinations on oligonucleotides containing dA or dG at the penultimate nucleotide and included 5-Br-dU as a marker for the sequence registers ( Fig. 1C and Fig.  S3 A and B) . The polypeptide and oligonucleotide conformations of the two copies in the asymmetric unit closely match one another and the previous, baseline dU-bound dU2AF 65 structure (23) (rmsd, 0.4-0.6 for matching Cα and C1′ atoms) (Fig. S3D) . With the exception of one alternative dG conformation that engages in crystallographic contacts, the two complexes in each asymmetric unit share similar interactions with the bound purines.
As observed previously for uracil and cytosine (23, 24) , the bound adenine or guanine bases stack on the consensus ribonucleoprotein motif (RNP1) of U2AF 65 RRM1 and are engaged by hydrogen bonds with the protein backbone, as well as the D231 and R150 side chains ( Fig. 1 E and F and Movies S1 and S2). For any type of bound nucleotide base, R150 consistently donates hydrogen bonds to the pyrimidine-O2, dA-N1, or dG-N7 acceptors. In previously identified ribose-(r)U-or dU-bound structures, the U2AF 65 H230/D231 backbone amides donate hydrogen bonds to the lone pairs of uracil-O4 (Fig. 1D) . In contrast, when bound to dA ( Fig. 1E and Movie S1), an ordered water molecule mediates these hydrogen bonds with the protein backbone, which is relatively distant from the adenine (heavy atom distances, 6.5 Å for D231-NH-dA-N7 and 3.2 Å for D231-NH-dU-O4). However, the carboxylate side chain of U2AF 65 D231 is newly positioned to accept a direct hydrogen bond from the adenine exocyclic amine. These dA contacts are reminiscent of the water-mediated and D231 interactions of U2AF 65 and the exocyclic amine of a bound cytosine (23) . In contrast, the U2AF 65 -bound dG flips to the syn conformer ( Fig. 1F and Movie S2), which differs from the anti glycosidic bonds of other types of nucleotides in the U2AF 65 structures. In this conformation, the guanosine-O6 accepts hydrogen bonds from the backbone amides with only slightly less optimal geometry than a uracil-O4, whereas in the anti conformer, the exocyclic amine of the guanosine would be expected to sterically interfere with the R150 side chain. Considered together, the structures reveal a binding site on U2AF 65 RRM1 that can accommodate diverse nucleotides in the 3′ region of the Py tract.
Design and Structure of a U2AF 65 -D231V Variant. The relatively weak RNA affinity and promiscuity of U2AF 65 RRM1 led us to hypothesize that these characteristics could be ameliorated in synthetic U2AF 65 variants. We focused on optimizing the binding site on U2AF
65 RRM1 that accommodates diverse nucleotides at the penultimate position of the Py tract. Based on comparisons among the structures of dU2AF 65 bound to rU-, dU-, dC-, dA-, or dGcontaining Py tracts, we reasoned that replacement of the negatively charged D231 carboxylate group with a hydrophobic valine side chain (D231V) would specifically increase U2AF 65 affinity for a U at the corresponding nucleotide position of the Py tract splice site signal. To characterize the modified interactions between the D231V mutant and uracil-containing oligonucleotide, we determined the 2.1-Å resolution structure of dU2AF 65 -D231V bound to a poly-dU oligonucleotide (Table S1 and Fig. S3 C and  D) . The dU2AF 65 -D231V structure demonstrates that the engineered valine side chain packs against the uracil base while maintaining hydrogen bonds with the protein backbone (Fig. 1G) . We proceeded to test the structural hypothesis that the D231V substitution would preferentially increase U2AF 65 affinity for U over other nucleotides at its binding site. We compared the affinities of unmodified U2AF 65 or the D231V variant for the NF1, HBB, or RP2 Py tracts, all of which share a U at the expected D231V-binding site (U8) ( Table 1 and Fig. S1 ). Accordingly, the U-specifying D231V substitution increased U2AF 65 affinities for these RNAs by more than twofold. The net free energy gain of approximately −0.5 kcal mol −1 after the D231V mutation agrees with the ∼100-Å 2 increase in buried hydrophobic surface area (37) observed in the structure (Fig. 1G) , which corresponds to the burial of approximately one methyl group (135 Å 2 ). We next confirmed that the U2AF 65 -D231V variant specifies Us over purine nucleotides at the penultimate position of the Py tract. Based on fluorescence anisotropy changes during titration of fluorescein-labeled RNAs, we determined the affinities of the unmodified U2AF 65 or the D231V variant for either the A or the G mutations in the 3′ region of the NF1 Py tract [NF1(U8 > A) or NF1(U8 > G)], as well as the corresponding A mutations of the RP2 [RP2(U8 > A)] and HBB [HBB(U8 > A)] Py tracts (Table 1 and Fig. S1 ). The affinities of unmodified U2AF 65 for these Py tracts were the same within the margin of error as the WT U8 regardless of substitution by a purine, consistent with the sequence promiscuity of the expected binding site in the unmodified U2AF 65 RRM1 (Fig. 1) . After the D231V modification, the U2AF 65 -D231V variant discriminated against the U→A or U→G transversions in the NF1 Py tract. The U2AF 65 -D231V affinities were more than sixfold and threefold greater for the WT NF1 U8 counterpart than for the respective NF1(U8 > A) and NF1(U8 > G) mutants. Likewise, the U2AF 65 -D231V variant preferred the WT, U8-containing HBB by nearly fivefold over its U8→A transversion in HBB(U8 > A). We conclude that in these sequence contexts, the D231V substitution selectively increases U2AF 65 's affinity for U nucleotides and discriminates against binding of purine nucleotides.
The discrimination of U2AF 65 -D231V against the U8→A mutation in the RP2(U8 > A) relative to the WT RP2 Py tract was more subtle, possibly owing to the introduction of tandem adenosines at the 3′ terminus. For comparison, we tested the Py tract signal of the downstream RP2 splice site (in intron 4 as opposed to intron 3) that naturally comprises four consecutive adenosines in the penultimate nucleotide sites (Table 1 and Fig. S1 ). This "spliced-into" Py tract has a twofold higher U2AF 65 affinity than that of the "skipped" RP2(U4 > A) Py tract, supporting U2AF 65 inhibition as a contributing mechanism to the splicing defect. We found that the D231V-modified U2AF 65 discriminated against the tandem adenosines of the Py tract in RP2 intron 4, yet, as for RP2(U8 > A), this difference was slightly less than that observed for the NF1 or HBB Py tracts. Nevertheless, the abilities of the D231V-modified U2AF 65 to selectively increase affinity for the disease-relevant RP2 splice site yet bind the downstream RP2 splice site demonstrates its possible utility in selectively targeting and improving splicing of the RP2(U4 > A) defective transcript. Cell Culture. We hypothesized that the increased U affinity of the U2AF 65 -D231V variant could indirectly overcome inhibition of U2AF 65 binding by mutations at other sites of the Py tract. We first tested this hypothesis by determining the affinity of U2AF 65 -D231V for the NF1 and RP2 Py tracts, which naturally present U nucleotides at the expected D231V-binding site, with diseasecausing mutations in distinct 5′ regions of the Py tracts [NF1(U3 > A) and RP2(U4 > A)] (Table 1 and Fig. S1 ). Compared with unmodified U2AF 65 , the U2AF 65 -D231V affinities for the defective 
Four nucleotides in the 5′ region and four nucleotides in the 3′ region are expected to contact RRM2 and RRM1, respectively, of U2AF 65 . The anticipated D231V-bound nucleotide is in italic type. Nucleotide mutations relative to the WT (Wt) RNA sequence are highlighted in bold.
NF1(U3 > A) and RP2(U4 > A) Py tracts increased by more than twofold. We conclude that when bound to a U nucleotide at the penultimate position of a Py tract, the U2AF 65 -D231V substitution has the capacity to compensate for the binding penalties incurred by purine mutations at other sites.
We next tested whether the synthetic U2AF 65 -D231V variant could correct defective splicing of the retinitis pigmentosacausing RP2 mutation [RP2(U4 > A)] using a splicing reporter minigene in a human cell line (30) (Fig. 2 and Fig. S4 ). The WT and D231V-modified U2AF 65 showed similar levels of expression after transient transfection of their expression constructs into HEK293T cells (Fig. S4A) . As reported previously (30) , nearly all of the detected RP2 mRNAs composing the WT Py tract included the central exon (exon 4) (Fig. S4B) . As such, cotransfection with either the WT or D231V-modified U2AF 65 increased exon inclusion only slightly (by 4% or 7% of the total spliced transcript, respectively). Conversely, nearly all of the RP2 (U4 > A) transcript harboring the retinitis pigmentosa-causing mutation skipped exon 4, instead joining exons 3 and 5 (30) (Fig.   2B and Fig. S4C). Exon incorporation [i. e., correct splicing of the RP2(U4 > A) minigene transcript] increased proportionately after cotransfection of the minigene with increasing amounts of the U2AF 65 -D231V expression construct (Fig. S4C) . In contrast, cotransfection with unmodified U2AF 65 had little detectable effect. By including both the splicing minigene and U2AF 65 coding region on a bicistronic vector to ensure coexpression in the same cell ( Fig. 2A) , the U2AF 65 -D231V variant improved exon inclusion in the mutant RP2(U4 > A) transcript to levels approaching those of the WT control transcript (Fig. 2 B and C and Fig. S4D) . Importantly, this result establishes proof-of-principle of the ability of a structure-guided U2AF 65 variant (D231V) to improve splicing of a defective Py tract.
Discussion

U2AF
65 Inhibition Contributes to Disease Outcomes in Py Tract Mutations.
Disease-causing mutations often introduce new, harmful AG splice site signals within Py tracts (2) . In most cases, these mutations are assumed to interfere with splicing by falsely matching the AG consensus sequence of a 3′ splice site junctions. In the present study, we show that certain purine mutations that introduce AG dinucleotides within Py tracts also penalize association of the essential pre-mRNA splicing factor U2AF 65 ; for example, the reduced binding affinity of U2AF 65 for the mutated 3′ splice site can explain the distinct effects of the AG disruptions on NF1 and RP2 splicing. In the former NF1 case, the introduced AG is preceded by pyrimidine nucleotides that offer alternative recognition sites for U2AF 65 , such that the NF1 mutation is "spliced into," thereby adding several nucleotides beyond the bona fide junction (29) . In the latter case, RP2 lacks a detectable Py tract preceding the introduced AG, and as such, the mutated exon is entirely skipped in favor of the natural 3′ splice site in the downstream intron (30) .
Beyond the U2AF 65 -Py tract interaction focused on herein, it remains to be determined whether pre-mRNA motifs with sequence similarity to the BPS or 3′ junction-like sequences, respectively, can dictate the position of a cryptic splice site via favorable interactions with the respective SF1 or U2AF 35 subunits. Studies in fission yeast suggest that introns with degenerate Py tracts depend on recognition by other subunits of this splicing factor complex (38) . Likewise, humans have conditional requirements for U2AF 35 in the binding and splicing of poorly conserved splice sites (12, 39, 40) and for SF1 for alternative splicing (18) . Together with the documented disruption of splicing, our findings suggest that a mutation that introduces an AG dinucleotide within a Py tract not only generates a false splice acceptor, but also disrupts a balanced competition among pre-mRNA sequences for binding the ternary U2AF 65 -SF1-U2AF 35 complex.
Human U2AF 65 Evolved a Proofreading RRM2 and an Enabling RRM1.
For the mutations studied here, U2AF 65 association is strongly inhibited by transversions in the 5′ regions of Py tracts yet tolerates them in the 3′ region. This finding extends previous evidence indicating that U2AF 65 is selectively inhibited by C tracts in the 5′ region of the Py tract, whereas those in the 3′ region have little effect (23) . Furthermore, structure-based amino acid changes in RRM2 confer tolerance for C tracts in the 5′ region of the Py tract (23) . The region-dependent sequence tolerances of U2AF 65 indicate that the respective human U2AF 65 RRM2 and RRM1 have evolved distinct functions of specifying U-rich Py tracts and adjusting to alternative splice site sequences. These sequence preferences of the human factor may differ from other homologs; for example, Caenorhabditis elegans 3′ splice sites are preceded by four strict Us, but also require the U2AF 35 small subunit for accurate recognition (41) . Considering that the human U2AF 65 RRM2 and RRM1 each recognize approximately four nucleotides in the respective 5′ and 3′ halves of the Py tract (23) (24) (25) , the regiondependent penalties of mutations in Py tracts indicate that U2AF 65 RRM2 is stringent for Us, whereas RRM1 is promiscuous for other nucleotides.
The differential sensitivity of human U2AF 65 RRM2 and RRM1 to purine interruptions of Py tracts also provides a The bar graph plots percent of the exon-included band relative to the total amplified RP2 product. The average percentages and SDs of five independent biological replicates are given. ***P < 0.0003 with 95% CI. molecular explanation for previously reported biochemical results. For example, a modified adenovirus major late promoter (AdML) substrate is inefficiently spliced when an A is substituted for the penultimate U of the Py tract (42) . In comparison, splicing substrates with A substitutions at either the fourth U of the AdML Py tract or the second U of a sex-lethal Py tract in Drosophila nearly abolish detectable splicing. Likewise, purine mutations of a β-globin Py tract are more detrimental in the 5′ region than in the 3′ region (43) . The sequence-specific U2AF 65 RRM2, which recognizes the 5′ region of the Py tract, is likely to proofread socalled "AG-exclusion zones" in the emerging transcript, identifying regions entirely devoid of AG dinucleotides that precede normal 3′ splice sites (44) . In contrast, the promiscuous RRM1 offers versatility for adapting to human Py tracts, which are often degenerate, owing in part to the evolution of alternative splice site signals (45, 46) .
Although comprehensive surveys mapping the positions of disease-causing mutations within splice site signals remain to be determined, this region-dependent inhibition of U2AF 65 further predicts that the consequences for splicing, and hence progression to disease, would be more severe for purine mutations in the 5′ nucleotides as opposed to the 3′ nucleotides of a Py tract.
Common RRM-Binding Site for syn Purine Nucleotides. At the penultimate nucleotide-binding site, we observe that human U2AF 65 RRM1 adapts to the Hoogsteen face of a syn G interruption, which offers a similar hydrogen-bonding pattern as a uracil after a 180°rotation about the N-glycosidic bond. Traditionally, the Watson-Crick faces of nucleotides in the anti conformation are considered available for recognition by protein. This structure adds to a growing category of RRMs known to recognize syn G-nucleotides, including hnRNP A1 (47), hnRNP D (48), and SRSF2 (49) . These published structures and the U2AF 65 structure consistently share a syn G-binding site on a conserved aromatic residue (F199 of U2AF 65 ) in the ribonucleoprotein consensus motif (RNP1) (50) . Several cases of RRMs recognizing the syn conformer of adenosine at this RNP1-binding site, including SRp20 (51), RBMY (52) , and Tra2-β1 (53), have been detected as well. The syn G conformation is stabilized a priori by a distinctive intramolecular hydrogen bond between the exocyclic amine and the 5′ phosphate. Accordingly, the equilibrium between the syn and anti conformers of guanosine-5′-phosphate reaches an ∼50:50 mixture in solution (54) , indicating that RRMs such as U2AF 65 RRM1 engage in local conformational selection of the syn over anti G conformers. As such, preference for syn purines at a specific RNP1 site is emerging as a predictable theme of RRM/RNA recognition.
